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(54) IMPROVEMENTS IN OR 
COHERENT BODIES BY 

(71) We, Japax Incorporated, a Body 
Corporate organised under the laws of Japan, 
of 100, Sakato, Kawasaiti, Kanagawa, Japan, 
do hereby declare the invention for which we 

5 pray that a patent may be granted to us 
and the method by which it is to be per- 
formed, to be particularly described in and 
by the following statement: — 
The present invention is directed to a 

10 method of forming coherent bodies by bond- 
ing particles together with the aid of impul- 
sive forces. 

According to one known method, relatively 
massive bodies, e.g. metal plates, have been 

15 shaped and/or bonded to other similar bodies 
by impulsive action generated at least in 
part by an electrical discharge in a fluid. It 
has now been found that the principles of 
this method can be applied to bond particles 

20 of metal together, to bond particles of metal 
to particles of another material, and to bond 
particles of one material to a relatively mas- 
sive body of another material in that an elec- 
trical discharge in a fluid, e.g. a viscous 

25 medium such as a liquid or a gas, produces 
a shock wave which can be transmitted to the 
particles directly or indirectly (e.g. via a 
ramp) to compact the particles. 

While the fusion of particles of a metallic 

30 powder to form a coherent structure is not 
new, the conventional methods of accomplish- 
ing this task have herctobefore involved the 
provision of sufficient kinetic energy in the 
form of heat to effect a thermal fusion at the 

35 interface of the particles. The disadvantages 
of these conventional methods are well-known 



RELATING TO FORMING 
BONDING PARTICLES 

and need not be elucidated here except to note 
that they require relatively high temperatures 
and pressures. 

There has also been disclosed a method of 40 
sintering discrete particles together wherein 
the high pressures and extreme thermal con- 
ditions of conventional sintering methods can 
be avoided. In this method, electric-spark 
discharge is employed to provide an impuls- 45 
sive force which is more or less instantaneous 
in nature and serves to drive the particles into 
contact with one another at high pressures, 
while a discharge is propagated amongst the 
particles to cause bridging between individual 50 
particles, an operation which appears to result 
from the transfer by the discharge of material 
from one particle to another. This system is 
highly suitable when a spark discharge can 
be developed between two electrode surfaces 55 
having the particles disposed therebetween; 
however, the power necessary for the coating 
of large-surface continuous bodies with the 
particles is not as readily available, the mass 
of particles is not materially compacted by 60 
the spark discharge and external pressure 
must be applied to compact the sintered body. 
It has also been proposed by others, to clad 
a continuous metallic substrate with another 
metal layer by spacedly juxtaposing the layer 65 
and the substrate over relatively small dis- 
tances and propagating an explosion along the 
surface of the layer such that the latter is 
effectively rolled onto the substrate parallel to 
the layer. According to this system, a sheet 70 
explosive is applied over the full surface of 
the layer at which bonding is required and 
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propagation is effected parallel to tne ex- 
plosive layer, the substrate and the coating 
layer. Such arrangements are not, however, 
practical for the coating of substrates with 

5 pulverulent materials. 

It is an object of the present invention to 
provide an improved method of coating metal 
substrates with pulverulent materials m such 
manner as to render the coating layer highly 

10 adherent while obviating the disadvantages of 
earlier coating processes. 

According to the present invention there 
is provided a method of forming a coherent 
body' comprising forming a mass of a 

15 powdered material, and compacting said 
mass by bodily subjecting the mass to the 
energy of an externally generated shockwave 
transmitted via a fluid medium thereto and 
produced by spark discharge in the fluid 

20 medium, the energy of said Shockwave being 
sufficient to cause the particles of the 
powdered material to bond together. 

It has been found also that excellent results 
are obtained with respect to the bonding of 

25 particles of a hard-facing material of the type 
set forth above or alloy steels to metallic sub- 
strates and synthetic-resin substrates if the 
discharge source is spaced from the mass of 
powder which, in turn, is disposed between 

30 the source and the surface of the substrate 
to be coated. Thus, it is advisable to support 
a layer of powder upon a rupturable 
diaphragm such as a frangible foil, film, sleeve 
or sheet juxtaposed with the surface to be 

35 coated. The rupturable diaphragm, support- 
ing the particle layer, separates the discharge 
chamber from the workpiece chamber. The 
latter, of course, can be vented to the atmos- 
phere to prevent the development of pressures 

40 resisting kinetic movement of the particles into 
bonding engagement with the workpiece and 
the venting means preferably includes a 
sound-damping muffler. 
In accordance with this aspect of the in- 

45 vention, it has been found that a significant 
improvement in the degree with which the 
particles bond to the substrate can bo 
attained when the particles are located in the 
discharge compartment although, in accor- 

50 dance with a modification, the particle layer 
may be carried by the frangible diaphragm 
along its surface juxtaposed with the work- 
piece and remote from the discharge chamber. 
Furthermore, the frangible diaphragm pre- 

55 ferabiy constitutes the countcrelectrode for 
the discharge system and this arrangement 
has been observed to give excellent results 
when broader surfaces of a workpiece are to 
be coated because the particle cloud is then 

60 driven against the workpiece with the kinetic 
energy that, while greater in the region of 
local discharge, may be considered substan- 
tially uniform over the entire cross-section 
of the cloud for practical purposes. The dis- 

65 charge electrode is a needle spaced from the 



frangible diaphragm, which can be an 
aluminum foil or composed of any other suit- 
able metal, the needle extending perpendi- 
cularly thereto. . , 

In accordance with this aspect of the in- 70 
vention, it has been found desirable to pro- 
vide the discharge chamber as a discharge 
gun whose barrel is trained upon the work- 
piece and receives at an intermediate location 
a mass of particles to be propelled there- 75 
against In a horizontal position of this barrel, 
the particles can be introduced substantially 
continuously between the discharge chamber 
and the mouth of the barrel while a rapid 
tram of pulses is supplied across the dec- 80 
trodes so that a sequence of discharges 
results in 'an intermittent but high-rate pro- 
pulsion of the particles against the workpiece 
surface. In vertical positions of the barrel, xt 
has been found most practical and highly ad- 85 
vantageous to make use of the foiltype sup- 
port and counterelectrode set forth above. 
The needle electrode is best constituted of 
aluminum although jfcirconium, magnesium 
and copper have been found to rank in that 90 
order with reference to the kinetic energy 
transferred to the particles. Correspondingly, 
the foils should be constituted of these metals 
in the order stated While I do not wish to be 
bound by any theory as to the reasons why 95 
the bonding effect and the kinetic-energy 
characteristics of the metal particles are deter- 
mined in part by the metal from which the 
needle electrode and foil are constituted, it 
will be noted that rupture of the foil, partial 1W 
vaporization of the electrode material during 
the discharge and the high velocity of the 
shock propagation permit any atoms or mole- 
cules of the electrode material to act in force- 
transmitting relationship with the particles to 105 
be deposited 

According to another aspect of this in- 
vention, the effective kinetic eriergy of the 
particles and the strength with which the 
particles bond to the surface, whether it be 110 
to a metallic or a synthetic-rcsm substrate, 
can be augmented by providing means for 
heating the particles to a temperature less 
than their fusion point prior to their pro- 
pulsion against the substrate. Such heating 115 
means can include the passage of a heating 
current through the mass of parades in 
advance of the discharge, the use of external 
electric heating means or some eqmvalent 
source or, most advantageously, the niixmg 120 
with the particles to be deposited of a sub- 
stance adapted to react with these particles 
exothermically. Thus, aluminum oxide can 
be provided together with a reducing agent 
(eg iron) or magnesium with iron oxide in 1Z5 
thermitetype reactants capable of evolving 
sufficient heat to improve the bonding 
effectiveness. It has been observed that 
thermitetype reactants tend to remain m a 
quiescient state until the generation of a 130 
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spark discharge and that the reaction may 
occur slightly before or concurrently with 
dispersion of the particles so that they are 
heated without material interparticlc fusion 
5 until they accumulate again as a layer upon 
the surface of the substrate. 

Another factor entering into the improved 
bonding action appears to be the effect cf the 
spark discharge in stripping oxide fHm$ from 

10 the particles and /or the substrate even though 
analysis shows no material oxide layer to be 
present. Practically all metallic particles have 
an oxide film which resists irrterpartick bond- 
ing ns well as particle-to-substrate bonding to 

15 such an extent that high temperatures have 
hitherto been required to effect suitable bond- 
ing strength. The discharge between rd- 
joining particles tends to strip such oxide 
films therefrom and it has now been dis- 

20 covered that an electric discharge in the 
region of the particles and not necessarily in- 
volving them directly may have a similar 
effect. It will be noted that various methods 
of initiating the discharge can be employed 

25 although two have been found most practical 
in combination with the foil-and-needie 
arrangement set forth earlier. In such an 
arrangement, the needle can either be ad- 
vanced toward the foil to reduce the dis- 

30 charge gap (whereby an external source of 
pulses is not required), or the ionization con- 
ditions within the discharge compartment 
may be suddenly modified. This can be done 
effectively by directing a stream of com- 

35 pressed air into the chamber to sti: up a 
cloud of the conductive particles to be de- 
posited, whereupon a breakdown is produced. 
The discharge-propagated particles form a 
layer of considerable uniformity and highly 

40 effective surface area. Thus, when tantalum or 
titanium are deposited upon an aluminum 
foil, excellent capacitor plates are obtained. 
When gold or aluminum are formed as films 
upon a silicon wafer, excellent serniconduc- 

45 tive materials are produced. Fhotc conductive 
cells can be made readily by deposition of lead 
sulfide and cadmium sulfide upon suitable 
substrates. 

The detonation source can include a pair 

50 of electrode elements adapted to define be- 
tween them an dec tr ic-Ji sch a rge gap, the 
pulverulent material being disposed in close 
proximity to the gap and advantageously 
surrounding it. The gap can be temporarily 

55 bridged by a fusible element which is dis- 
integrated upon discharge cf a high-energy 
pulse across the gap and serves to lengthen 
the effective time cf discharge as a con- 
sequence of the delay opening of the gap. 

60 As described in patents Nos. 3,232,085 and 
3,232,086, Shockwave is propagated through 
the fluid medium between the source and the 
substrate of a high velocity sufficient to de- 
form a workpiecc, but here used to bond 

65 particles to a workpicce surface. Notwith- 



standing earlier teachings regarding the neces- 
sity that the propagation of the explosive 
wave be parallel to the surface, excellent 
results are obtained when the particles are 
disposed in the region of the detonation source 70 
and the viscosity of the surrounding medium 
is reduced (e.g. by evacuating the region of 
the detonation). Powders having a particle 
size ranging between 0.2 microns and 0.2 
mm are suitable for the practice of the pre- 75 
sent invention while the distance of the 
source from the substrate varies as a function 
of the applied energy. When a discharge of 
30CO joules is employed, for example, in an 
atmospheric medium but at a reduced pres- 80 
sure of lO"- mm of mercury, the detonation 
source should be about 15 mm from the 
workpiecc It has been found that the shock- 
wave and, therefore, the particles accelerated 
thereby should attain a rninimum velocity of 85 
about lOm/sec, although the effectiveness of 
bonding falls off sharply below 100 m/sec 
and velocities as high as 10 km/sec are suit- 
able. The particles may be composed of rela- 
tively hard metals or metallic substances 90 
among which the most preferable are tung- 
sten carbide, titanium carbide, boron carbide, 
nickel, copper and iron. Almost any suitable 
substrate may be employed (e.g. steel, nickel, 
copper and its alloys, synthetic-resins). Non- 95 
metallic particles of diamond, silicon carbide, 
aluminum nitride, boron nitride, lead sulfide, 
cadmium sulfide and can also be readily 
bonded to these substrates. Other useful 
powders include AlA, SiCX, PbO. and ZnO, 100 
all cf which can react with oxidizable metals 
in exothermic processes as mentioned above. 

The Shockwave, entraining the particles at 
high velocity in the direction of the workpiece, 
may be concentrated in this direction by suit- 205 
able deflection means (e.g. mechanical re- 
flectors or electromagnetic devices taking 
advantage of the fact that the particles are 
magnetically permeable and the detonation 
wave generally contains ionized or charged no 
particles produced by the detonation), it has 
been found to be advantageous to provide a 
high-frequency electric field across the region 
in which propagation takes place. 

It has also been observed that, when the 115 
particulate material is to be applied to the 
substrates by a high-energy-rate deposition 
apparatus or " gun according to the inven- 
tion, there is frequently a loss of efficiency 
and control by virtue of the fact that the 120 
particulate materials often are dispersed by 
the Shockwave prior to rupture of the foiL 
Consequently, the particles may be dispersed 
within the shock-generating chamber and be 
partly propelled in directions other than that 125 
which is intended To avoid this disadvantage, 
and to increase the rate at which the shock- 
wave chamber can be supplied with the 
particulate material and the reproducibility cf 
such supply, there is provided a foil with a 130 
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multiplicity of pockets, each enclosing a pre- 
determined quantity of the particulate 
material,- the pockets being successively 
aligned with the Shockwave generator and 

5 supplied to the latter in the form of a belt. 
The particulate material is pocketed between 
a pair of metallic foils which thns form a 
laminate as well as countertrades for 
juxtaposition with a needle electrode. ine 

10 apparatus thus may be provided with a barrel 
portion and a Shockwave generator portion, 
these portions being separable to receive the 
pocketed foil between them. It is advantageous 
io employ as the pocketing foil or foils, one 

15 or more materials which axe intended to be 
found subsequenriy upon the coated surface 
The foil material may be a substance which 
is readily bondable both to the particles and 
to the substrate inasmuch as a substantial 

20 portion of this fofl is found to be present at 
die interface between the articles and the 
substrate. For example, nickel fori l»_ used 
when tungsten carbide or like hard-facing 
material is to be bended to steel. It appears 

25 that the nickel acts as a bonding layer be- 

25 tween particles of the hard-facing material 
and of the substrate and derives from the : foil 
originally employed to retain the particles. 
While loose masses of such particles have 

30 been proposed as being retained within a pair 
of foil layers in respective pockets, rt is also 
conceivable to lightly ana* or aonesivety 
bond respective masses of parades in molded 
masses which are spaced along a contmuous 

35 foil- The masses may also be adhesivdy 
bonded to this foiL The mterparucle bond 
should, of course, be as little as possible so 
as to conserve the shockwise energy and 
utilize the maximum energy for implanting 

40 the particles into the substrate. 

A contoured cavity or other surface may 
be coated with particulate materials by juxta- 
posing with this surface an array of shock 
tubes or guns, extending transversely to the 

45 surface regions confronting them, but oriented 
so that their mouths define a surface generally 
parallel to that of the workpiece. 

The preheating of the particles appears to 
nlav a highly significant role in the degree 

50 of bonoUngto the surface and in the proportion 

5 of the material which adheres firmly to the 
substrate; additionally, it appears that elec- 
trically subdivided particles are more readily 
adherent and penetrate more ^yelymto 

55 the substrate surface as is described in greater 
detail below. , . , - 

A particulate mass may also be formed in 
situ within the barrel of the discharge cham- 
ber bv thermal destruction of a fusible 

60 material, the thermal destruction being 
effected by electrical disintegration or erosion 
of the fusible element by hot gases, prefer- 
ably in a plasma condition. In this aspect, 
a pair of partide-forrning electrodes is located 

65 at a location ahead of the discharge electrode 



and these partide-fonning electrodes are 
heated by electrical resistance or arc-forming 
techniques to vaporize the metal of at least 
one of these electrodes and form particles 
which are totally gaseous in nature or, upon 
condensation or solidification at the tempera- 
ture within the discharge chamber, are in a 
liquid or solid finely subdivided state. In. 
effect, therefore, the particle doud produced 
hi this manner is a condensate of a partide 
size substantially smaller than the parades 
of similar materials made by mechanical tech- 
niques. Still another feature of this aspect of 
the invention resides in heating a fusible wire 
by arc discharge or resistance heating and 
generating the impulsive discharge when the 
heated portion of the fusible wire is only 
slighdy coherent so that the energy of the 
discharge first disrupts the heated body and 
breaks it into the parades of liquid or semi- 
solid material and thereafter entrains or 
propels these particles against the substrate. 
In a system of a>rrcspondrng effectiveness, a 
plasma gun is provided to inject a particle 
cloud contained in a hot plasma into the dis- 
charge chamber just ahead of the electrode. 
Such a system represents a vast improvement 
over prior " flame-plating " processes. 

Another feature of the present invention 
involves the surprising discovery that a 
minimum repetition rate of the order ot u.:> 
to 1 cyde per second of the spark discharges 
in the impulse generator is necessary to pro- 
vide a satisfactory degree of deposition upon 
a metallic substrate. Thus it has been found 
mat a surprising increase in the quantity of 
particles devdoped per unit power consump- 
tion is obtained when the spacing between 
pulses of the generator decreases from a fre- 
quency of 0.5 cydes/second to a levd which 
may be of the order of iolocyde/second. As 
a practical matter, however, impulses may 
be triggered at a rate of 10 to 500 cycles/ 
second, depending upon the rate at wnicn 
particles can be fed to the gun. Thus, optimum 
deposition is obtained when a pulse frequency 
(with corresponding interpulse spacing or 
dday) of 0.5 to 500 cydes/second is used. Of 
course, the pulse frequency must be less than 
that at which continuous discharge is gener- 
ated across the spark electrodes. 

The prindplcs described above may also 
be for the patterning of workpiece surfaces. 
The term "patterning" as used herein, is 
intended to refer to the formation of designs, 
textures, color distributions and imprmtmg 
on metallic or other workpieces. For example, 
detonation type spark-discharge waves may be 
used to propd synthetic resin particles in a 
slighdy preheated state against paper or syn- 
thetic-resin substrates which have been dectro- 
statically charged in accordance with a pre- 
determined pattern to thereby fix the par- 
tides to the surface even without the aid of 
heat Alternatively, a stencfl or mask, may 



70 



75 



80 



85 



90 



95 



100 



105 



110 



115 



120 



125 



130 



5 



1,204,261 



5 



be disposed between the particle-receiving 
surface of the workpiece and the impulse 
generator to form patterns upon the wcrk- 
piece in accordance with the openings in 

5 the mask or stencil. Still other patterning 
possibilities may make use of the fact that a 
magazine-like supply of particles is delivered 
in doses or precisely measured portions to the 
impulse generator which may make use of 

10 particles in the respective dose or measured 
portion of different colour. Especially when 
a stencil is differently coloured areas may 
be formed on the workpiece. The coloured 
particles may be formed in situ in a pigment- 

15 producing reaction from, for example, a 
metallic rod. Particles of two or more metals 
oxidized to a predetermined colouration level, 
can be formed by effecting an arc discharge 
between the electrode rods ahead of the im- 

20 pulse generator. 

Embodiments of the present invention will 
now be described, by way of example, with 
reference to the accompanying drawings. 

Fig. 1 is a vertical cross-sectional view, 
25 in diagrammatic form, showing an apparatus 
for depositing particulate materials upon a 
workpiece; 

Fig. 2 is a diagrammatic sectional view 
showing a modified apparatus; 
30 Fig. 3 is a view similar to Fig. 1, wherein., 
however, a high-frequency field is employed 
concurrently; 

Fig. 4 shows a modified circuit arrange- 
ment fcr the system of Fig. 3; 
35 Fig. 5 is a fragmentary elevational view 
shewing still another modification of the 
detonation source; 

Fig. 6 is a view similar to Fig. 5 illustrat- 
ing the use of a fusible wire within the body 
40 of particulate material; 

Fig. 7 is a transverse cross-sectional view 
through yet another modification of the source, 
provided with reflector means; 

FIG. 8 is a diagrammatic elevational view, 
45 partly in section, showing a magnetic-deflec- 
tion arrangement; 

FIG. 9 is an illustration of the amuse- 
ment of the present invention as used in Ex- 
ample I; 

50 FIG. 10 is an axial cross-sectional view 
of an apparatus embodying the principles of 
the present invention in accordance with a 
modification thereof; 

FIG. 11 is an axial cross-sectional view 

55 of a vertical-barrel particle-deposition gun 
somewhat in diagrammatic form; 

FIG. 12 is an axial cross-sectional vkw of 
another gun arrangement in which the par- 
ticles are projected downwardly; and 

60 FIG. 13 (sheet 6) is a cross-sectional view 
through a system in which the particles are 
bonded together by the impulsive energy. 

FIG. 14 (sheet 7) is a diagrammatic cross- 
sectional view illustrating an apparatus for 



the coding of surfaces according to the 65 
present invention; 

FIG. 15 is an axial cross-sectional view of 
another embodiment of a coating apparatus 
according to this invention; 

FIG. 16 is a view generally similar to FIG. 70 
H of a system wherein the doses of particles 
may be formed concurrently with the coating; 

FIG. 17 is a diagrammatic elevational view 
with accompanying circuit diagram of an 
apparatus for uniformly coating relatively 75 
broad flat surfaces according to this iarcnnon; 

FIG. 18 is an elevational view of a multi- 
tube array of the type shown in FIG. 17; 

FIG. 19 is a view similar to FIG. 18 of 
another array; gO 

FIG. 20 is an elevational view in diagram- 
matic form of a system for the coating of a 
convex surface; 

FIG. 21 is a diagram illustrating a further 
modification cf an apparatus for coating con- 85 
vex surfaces of complex configuration; 
, FIG - 22 is an enlarged detail view, partly 
in cross-section, of the cooling means for an 
impact-deposition barrel according to an 
aspect of this invention; 90 

FIG. 23 is a diagrammatic cross-sectional 
view of another apparatus for practicing this 
invention using other cooling means; 

FIG. 24 is a graph showing the relationship 
between barrel temperature and particle ai 95 
hesion to the barrel; 

FIG. 25 is an axial cross-sectional view of 
a modified system for depositing particles 
upon a substrate; 

FIG. 26 is still another cross-sectional view 100 
through a coating apparatus; 

FIGS. 26A — 26D are graphs illustrating 
an aspect of the invention; 

FIG. 27 is an axial cross-sectional view 
through a magazine-type deposition device; 105 

FIG. 27A is a section along line A — A of 
FIG. 27; and 

FIG. 28 is a cross-sectional view in diagram- 
matic form of a system using a plasma torch 
for supplying the particulate material to the 110 
discharge gun. 

In FIG. 1 there is shown a housing 10 
whose compartments 11 and 12 on opposite 
sides of a workpiece 13 contain electrode sup- 
ports 14 and 15, respectively. The supports 115 
14, 15 are horizontally displaceable within 
respective bearings 16, 17 against the force 
of restoring spring 18 and carry spark-dis- 
charge electrodes 19, 20 via locking screws 
21, 22. The electrodes 19 and 20 define a 120 
discharge gap 23 between them and are sur- 
rounded by a mass 24 of particles to be 
coated onto the workpiece 13. The latter is 
disposed below the detonation source con- 
stituted by the electrodes. A capacitor 25 is 125 
bridged across the electrode holders 14, 15 
together with a parametricaUy energizablc 
capacitor 26, the parametric transformer being 
constituted by a solenoid coil 27 surrounding 
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the armature 28 rigid with the electrode holder 
15. A full-wave rectifier bridge 29 is con- 
nected across the secondary winding of a 
power transformer 30 supplied with current 
5 bv the a.c. source 31 and energizes the low- 
rum portion of the solenoid 27. A servomotor 
33 (known per se) is provided to sweep the 
detonation source along the surfaces of the 
workpiecc 13 perpenmoilarly to the plane of 

10 the drawing. . 

When alternating current is apphed at 31 to 
transformer 30, the capacitors 25 and 26 are 
charged via the respective Wnigs of the 
solenoid 27. When a sufficiently high potential 

15 is attained for a breakdown of the gap 23, 
a spark jumps between the electrodes 19 and 
20 and the resulting impulsive force of detona- 
tion drives the pulverulent material into the 
workpiece 23. The discharge of capactor 25, 

on foHSmiple, draws current through the 

20 S olencid27 and effects a lateral oscillation of 
the assembly against the force of spring is, 
capacitor 26 further sustaining the discharge 
and promoting oscillation while lengthening 

or the duration of the detonation. This osalla- 
tion increases the area of the workpiecc 13 
swept by the detonation wave. . 

HG 2 illustrates a modification wherein 
the electrode 32, 33, surmunded by the 

oa pulveruknr material 34 is juxtaposed with a 

30 further body 35 inline wim the gap. Either 
the workpiece 36 or this further body 35 can 
constitute* a reflector redirectmg the shock- 
wave and making maximum use of the dis- 

35 charge. Similarly, either one of these two ele- 
ments can be the workpiece upon wln<* the 
pulverulent material is deposited. A partition 
37 (dot-dash lines in FIG. 1) can dose the 
compartment 38 in the housing and enable 

40 it to be evacuated for low-pressure deposi- 
tion Additionally, nonoxidizing gases Qe.g. 
nitrogen) can be employed as the medium 
within the compartment. . 
In the system^ of FIG. 3, the vessel 40 is 

45 closed by a seal 41 and a cover 42 .white; a 
suction pumo 43 serves to reduce the pres- 
sure within ^me vessel. The vessel contains 
a pair of spaced-apart plates 44, 45, con- 
stituting the workpiece and disposed on oppo- 

50 site sides of a deonation source consntuted by 

50 apakofdectrodes46,^urgedujar^by 
respective springs 48. The mass of parties 
is nere constituted as a relauvdy mrrow tube 
49 of powder through the mtenor of which 

55 a discharge can be initiated upon closure of 
switch 50. Here again the discharge source 
extends parallel to the surfaces of the work- 
oiece 44,45 to be coated so that the shock- 
wave is generally transverse to these surfaces. 

60 A direct-current bridge 51 charges the capaci- 
tor 52 via a surge-suppressing inductance 53 
upon energization by the power transformer 
54 and thl a.c. source 55. A rngh^^requency 
direct-current source 56 connected^ with the 

65 plates 44, 45 facilitates the deposition of the 



powder and improves the structure of the 
deposit The hig^-frequency signal can range 
between I kc/sec to 10 mc/sec. 

In FIG. 4> a similar arrangement is shown, 
except that the a.c. or high-frequency 70 
generator 56 is provided by a pair of resonant 
networks 57 formed on opposite sides of the 
inductance center tap and connected wrtn 
the plates 44, 45. Since these electrodes are 
now at the same polarity, the high-frequency 75 
field produced upon discharge across the gap 
is applied between the body r of powder and 
the plates. The shockwaves of FIGS. 3 and 
4 can be augmented by disposing a fusible 
wire 58 parallel to the powder rod 59 be- 80 
tween the electrodes 60, 61 (FIG. 5); the 
system is otherwise identical with that of 
FIG 3 The ganged switches 62, 63 rulnU trie 
function of switch 50 of FIG. 3 and are 
adapted to discharge the capaotor 52 joined 0 5 
through the spark gap and the fusibk wire 
which is disposed on the side of the rod 
59 opposite the workpiece. The shockwaves 
from fusible wire and arc dischargeAus 
supplement one another in driving the powder 90 
across the gap. This system is an improve- 
ment over the mere spark discharge with res- 
pect to the quantity of powder affixed to me 
substrate per unit of powder consumed. 

A still more efficient system results when the 95 
fusible wire is surrounded by me mass of 
particles as shown in FIG. 6. Here, the fusible 
wire 70 is surrounded by a tubular mass 71 
of the particles to be bonded to the substrate 
72. A capacitor 73 can be discharged through 100 
the wire 70 to disintegrate it when switch 
74 is dosed, a battery 75 being provided to 
charge the capacitor 73. Again means can be 
provided for oscillating the detonation source 
with respect to the workpiece or otherwise 105 
displacing the source and workpiece rehuvdy 
to obtain maximum powder coverage. lUe 
system of FIG. 6, can, moreover, be provided 
with a downwardly concave (e.g. parabolic) 
reflector 76 with the rod 70 disposed at the 110 
focus An excellent distribution of the powder 
is obtained in such a system w^letncde- 
positing efficiency is improved (HG. 7). Wften 
me mechanical deflection is replaced by an 
electromagnetic deflection of the sheckwave, 115 
the magnetic means 77 (FIG. 8) is oriented so 
that its field is applied transversei^ to the 
detonation source 78 and the workpiece 7? 
but in the plane of the detonation source. 
Highly suitable results are obtained when tne 120 
detonation source includes a fusibk wire 80 
connected in series with the electromagnet 77 
across the caoacitor 81. A switch 82 permits 
discharge of the capacitor through the series 
arrangement and allows charging oi the 125 
capacitor by the battery 83 when 
the switch is open. In this case, no 
difficulties are encountered in synchronizing 
the pulsed magnetic field with the discharge. 

It should be noted that the pulverulent mass 130 
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can^be held in the region cf the discharge or 
fusible wire by a loose-bonding agent (e.g. 
a synthetic resin) admbed with the powder, 
cr by a retaining tube cr structure cl s-n- 

5 thctic rosin cr paper with the latter method 
being preferred. It has been fcund that the 
presence of an extraneous substance lite the 
resin tube dees not affect deposition which 
takes place whether such a tube is provided cr 

10 the particles are Jjcld in place by seme ether 
means. Note that the powder in these systems 
will completely fill the gap between the elec- 
trodes. 

Example I 

15 In an arrangement similar to that cf FIG. 
9, tungsten-carbide powder 90 having a par- 
dele size of about 0.1 ram, was disposed 
in a polyethylene tube 91 having a wall thick- 
ress of 0.2 mm and an inside diameter cf 

20 about 25 mm. A fusible copper wire 93 was 
passed axially through the tube and had a 
diameter cf about 0.12 mm. The wire, tube 
and wcrkpiccc 94 had a length cf about 10 
mm, the workpiece being composed of S55C 

25 carbon steel having a carbon content of 0.55 °/, 
by weight The detonation assembly was dis- 
posed at a distance 95 of 15 mm frcra the 
surface of the workpiece in a chamber such 
as thai shown in FIG. 3 and was maintained 

30 at a reduced pressure of 10" 2 mm of mercury. 
After an electric current was passed through 
the wire sufficient to melt it and cause a dis- 
charge: with an energy of 3000 joules, the 
deposit 96 upon the surface of the workoiece 

35 was measured. The deposit was found to have 
a thickness cf 0.05 mm and to cover a width 
of the workpiece (i.e. transverse to the major 
dimension cf the wire) of about 50 mm, the 
central 25 mm of which was a continuous 

40 zone while the cuter 12.5 mm on each side 
was discontinuous. The roughness of tlie sur- 
face at the central portion was fcund to be 3 
microns (H E , as ). The discharge pulse had a 
duration cf about 85 microseconds. Two hard- 

45 ness H v = 2100 (on the Vickers scale). When 
the arrangement cf FIG. S was cmnioyed 
uring a magnet having 4 — 5 turns with a 
current ranging between 1000 and 5000 
amperes, the layer of tungsten carbide was 

50 fcund to have the same hardness but a thick- 
ness of 0.1 mm and a roughness cf 3 — 4 
microns H 1UV in both cases; the velocity of 
the particles range between 100 m/sec and 
5 km/sec. 

55 In the system of FIG. 10, the discharge 
chamber is formed as a barrel 100 whose 
mcuth 101 is trained at the surface 102 of 
a substrate 103 which can be either conductive 
or ncnccnductive, as described earlier. A gap 

60 104 is provided around the zone of die surface 
102 surrounded by the barrel 100 to prevent 
pressure increases therewithin from reducing 
the kinetic energy of the particles projected 
against the surface 103. At the other end of 



the barrel 1C0, an insulating block 113 receives 65 
a needletype electrode 112 which can be 
liiroaded ia;o the barrel 100 axially to a vari- 
able distance t from the region at which a 
hopper 114 feeds the pulverulent material 
105 into the barrel transversely. The hopper 70 
114 i?. provided with a feeding cr metering 
mechanism 115 whose rooter 116 is driven 
intermittently by a timer 117 which also 
controls a switch 109 in the supply circuit for 
the "gun" The supply circuit' 105 comprises 75 
a direct-current source (shown as a battery 
J03) across which is bridged a capacitor 107 
in series with a charging resistor 110. The 
distance t is adjusted in this embodiment until 
closure cf switch 109 will result in a dis- 80 
charge behind the mass cf particles 105 whose 
presence modifies the breakdown voltage which 
roust be applied between the needle !12 and 
the barrel 100 across which the pulsing source 
105 is connected. TThcn larger quantities of 85 
conductive powder 105 are supplied in the 
regie.! of needle 112, the breakdown voltage 
is reduced and rapid pulses can be supplied 
so that a train cf discharges at a repetition 
frequercy determined by the timer 117 and 90 
synchronized with the particle feed means can 
drive these particles against the surface 102. 
In general, the discharge takes place rear- 
wardly cf the par dele mass 105 and among 
these particles to partially ionize them, strip 95 
their oxide films and effect direct transfer of 
kinetic energy to the particles. It will also be 
understood that the timer means need not be 
used inasmuch as desire of switch 109 will 
apply a given potential between the needle 100 
112 and the barrel 100 and the firing of the 
discharge can be initiated either by advancing 
the needle 112 or by introducing a sufficiently 
large mass of the particles 105. 

In the modification of FIG. 11, the barrel 105 
200, trained upon the substrate 203 with a 
clearance 204 to prevent ercess static pressure 
buildup m the barrel, is provided with feed 
means including a supply roll 219 for a foil 

220 of a conductive material The chamber 110 

221 is formed at least in part by a barrel 
portion 222 electrically insulated from a 
needle 212 which can be advanced by a motor 
223 cr hydraulic means as illustrated in greater 
detail in FIG. 12. A jxilse scurcc such as that 115 
illustrated at 105 in FIG. 10 can be conrected 
across the needle 212 and a basket-shaned 
counterclectrcde 224 jun behind the foil 220. 
Thus the foil 220 constitutes a frangible 
diaphragm sealing the open end of chamber 120 
221 and carrying a msss cf, for example, 
ncnccnductive cr p?nially ncnccnductive par- 
tides 205. Upon discharge across the *ap be- 
tween the needle 212 and the countereiectrode 
224, the Shockwave destroys the diaphragm 125 
^0 and propagates the particles 205 against 

the surface 203 to form a coherent layer 225 
Therccn. It will be understood that the counter- 
electrode 224 can here be omitted and the 
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corresponding terminal of tbepulse °urac206 
connected to the foil 220 so that the latter may 
^ as the coanterelectrode as illustrated in 
Fig. 12. 

Sample U 
Using an apparatus as in Fig. 11, the foU 
220 was a rJdcel-and-metal fod having a 
thickness of approximately 0.006 mm . Ihe 
particle mass was constituted by equal prc- 
tortious of 300-Mesh tungsten carbide and 
600-Mesli synthetic diamond 5 grams of the 
particle mixture were placed upontbe ton 
Ld a discharge with an energy £ 8<XK> ) cute 
was applied at the needle 212. The wcrkpiece 
was a 0.55% by weight carbon steel (S55Q 
and the ccated surface was a distance of 1Z 
mm from the foil. About 4 grams of the par- 
tides were found to be strongly adherent to 
the workpiece. Corresponding results were ob- 
tained when the particles were composed of 
silicon carbide, aluminum nitride, boron nitride 
and titanium carbide. When the worlcpiece was 
replaced by an aluminum foil it was found 
that deposition of titanium and tantalum par- 
ticles was readily carried cut with the same 
discharge energy and device. ^ , 

In a modification of the system of Examp-Ie 
II the particles specified therein were mixed 
Mdth a binder to form a disk which was placed 
upon the foil 220. Binders tested for this 
purpose included cellulose r^ptonate, para- 
oxybenzaldehyde, ally alcohol resin and hard 
rubber. In all cases the binder was present in 
an amount just sufficient to held the mass to- 
35 eether and it was found that the shock wave 
resulted in a penetration of the particles into 
the body as individual and discrete units in 
spite of their bound state prior to the dis- 
charge. Penetration of the particles was im- 
proved by incorporating stoichiometric 
equivalents of chromic oxide and of reducing 
binders of the character described. 

In the system of Fig. 12, the barrel 300 ex- 
tends into a coating chamber 330 lined with 
a *ound-damping elestomenc material 331 
such as foam rubber. The chamber 330 is 
vented through a muffler 332 and is provided 
with a cross-feed support 333 for the work- 
piece 303. The cross-feed includes spindles 
334 and 335 for longitudinal and transverse 
displacement of the workpiece 303 The upper 
part of the barrel 322 is separated from the 
lower portion 300 by insulating spacers 336 
upon which the foil 320 is mounted The foil 
carries the mass 305 of particles and here dis- 
posed within the chamber 321 in which the 
spark is generated. The needle 312 passes 
through an insulating bushing 313 and is 
connected with a supply network 306 of the 
type illustrated in Fig. 10. The firing control 
of the system is here regulated by a hydraulic 
motor 323 whose piston 327 is connected with 
the needle 312 for hydrauiicaliy advancing 
same. A distributing valve 338 in circuit with 
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a hydraulic pump 339 and, a ™^J*9 
provides the necessary regulation of * J^aulic, 
device 323. When the electrode needle ruz 
approaches the foil 320 £ sufficiently a dis- 
charge results in rupture of the foil diaphragm 
and the propagation of the particles against 
the workpiece 303. The discharge can also 
be initiated by the operation of a corripressetl- 
air source 341 designed to blow a stream of 
air into the chamber 321 and stir the particles 
therein to effect a breakdown between the 
electrode and the foil. 

In FIG 13 the device 400 cornprises a 
fluid receptacle 401 which itself cocsututes 
the piston of a hydraulic cylinder 457. Inlet 
and outlet tubes 420 and 419 circulate the 
hquid medium 404 within vessel 401 via a 
filter A piston 439 is slidably dispkceable 
within vessel 401 and is provided with an in- 
suring lining 439a. Piston 439 carries a 
deposit 408 of electrode material and thus 
constitutes one of the electrodes forming the 
spark gap 405, the other electrode being a 
rod or wire 415 adapted to be fed into vessel 
401 by rollers 413 in response to an alteration 
in the size of the spark gap. A vibratile bar 
41V', whose resonant frequency is approxi- 
mately equal to the resonant frequency of 'the 
discharge across gap 405, connects piston 439 
with a plate 439' for compression of a con- 
ductive powder 440 retained within the cavity 
437 cf an electrically insulating sleeve 437 
which is reinforced by ribs 455 and mounted 
upon the metal plate 456. The two-posidon 
valve 458 is connected in series with the 
hydraulic cylinder 457 and is supplied by a 
low-pressure conduit 459 and a high-pressure 
conduit 460, valve 458 being operated by a 
control circuit 462 in response to the voltage 
drop across the mass of particles 440; a bat- 
tery 461, in series with the control circuit 
462, provides the necessary current for circuit 
462. The discharge energy is supplied by a 
capacitor 441 connected between plate 456 
and electrode 415, capacitor 441 being bridged 
by a battery 443 in circuit with an inductance 
444 and a resistance 444'. Vessel 401 is 
provided with an annular recess 452, normally 
blocked by piston 439, which communicates 
with a high-pressure accumulator 453. 

When conductive particles are employed, 
capacitor 441 discharges to develop simul- 
taneous sparks at gap 405 and through the 
particle mass, thereby forming conductive 
bridges among the particles. The shock wave 
within vessel 401 rebounds against the piston 
439 so that the force of this piston com- 
presses the conductive powder at the con- 
clusion' cf the electrical discharge. Simul- 
taneously, control 462 senses the decreased 
voltage drop across the mass of parades and 
energizes valve 458 to cut off the low-pressure 
fluid supply to cylinder 457, which formerly 
displaced vessel 401 to follow the shrinkage 
of the particle mass, and cut in the hign- 
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pressure ccnduir. The conductive powder, now 
sintered into a porous mass but still in a 
plastic state, is thus subjected to the additive 
pressure cf source 460 and the pressure wave 

5 within vessel 401. When nonconductive par- 
ticles are usc;U capacitor 441 is connected to 
the pirtcn 439 as indicated by the dot-dash 
con:luccor 463 whereupon the pressure of the 
discharge at gap 405 is applied to the particles 

10 without initial formation of bridges across 
thorn by electrical discharge. 

Example III 
A ma:s cf p^lytcuraflucroethylenc particles 
of 200 Mesh are disposed in a nonconductive 

15 sleeve having a diameter of 15 mm and a 
length of 2 cm Light pressure was applied 
at hydraulic cylinder 457 to compress the 
particle (approximately 1 kg/cnr) while a 
discharge in silicone oil within vessel 401 was 

20 created. Electrodes composed cf an aluminum- 
copper alloy were used while the single dis- 
charge pulse had a duration cf 150 micro- 
seconds and an energy cf 1500 joules. The 
resulting coherent body had all of the charac- 

25 teristics cf a body molded at elevated tem- 
peratures although the powder was held at 
room temperature for the duration of the pro- 
cess. 

Example IV 

30 The procedure of Example III was fol- 
lowed, except that nickel particles and a 
spark energy of 5000 joules was used between 
plate 456 and electrode 415. The pressure 
applied by cylinder 457 to the particles was 

35 1 kg/cm% this pressure being followed upon 
reduction cf the voltage drop acrcss the mass 
of particles to a value of 500 kg/cm 5 , the 
discharge terminating concurrently with the 
increase in pressure. The resulting body had 

40 a density cf greater than 90% of that of the 
solid mass. 

In Fig. 14 the basic apparatus for the high- 
energy-rate coating of a wcrkpiece 510 com- 
prises a shock tube or gun 511 whose barrel 

45 512 extends into a coating chamber 513 of 
a housing 514, the coating chamber 513 
being lined with a sound-damping elastomeric 
material 515 such as fcam rubber. The cham- 
ber 513 is vented through a muffler 516 of the 

50 automotive-vehicle or internal-combustion 
engine type for limiting the intensity of the 
sound wave transmitted to the atmosphere. 
Chamber 513 is, moreover, provided with a 
cress-feed carriage 517 for the wcrkpiece 510, 

55 designed to position the wcrkpiece 510 selec- 
tively in the path of the particles emerging 
from the barrel 512. The crossfeed 517 in- 
cludes spindles 518 and 519 for the longi- 
tudinal and transverse displacement cf the 

60 carriage 517 and the wcrkpiece 510 from 
locations outside the chamber 514. The upper 
part of the barrel 512 is separable at the in- 
sulating seat 521 of the lower barrel portion 



512b. The foil 522 carrying the particulate 
material 523 is disposed within and partly 65 
defines, the spark chamber 524 in wl;:ch the 
shoefcwave is generatecL For this purpose a 
needle electrode 525 passes tlircugh an in- 
sulating bushing 526 and is connected with a 
pulse-generating eJectric-current supply net- 70 
work as previously described. The firing con- 
trol of the system may be regulated by a 
hydraulic mctor 527 rt.e. a pistcn-and- 
cylinder arrangement) whose piston 528 is 
connected with the electrode needle 525 for 75 
hyurauhcally advancing same toward the foil. 
A distributing valve 529 in a fluid circuit 
with the pump 530 and a reservoir 531 pro- 
vide the necessary regulation of the position 
cf the meter 527. Upon the application of a 80 
static voltage across the foil 522 and the 
needle 525, the latter can be advanced until 
the gap is so narrow that the potential suffices 
to break down the gap and a spark discharge 
bridges same. The discharge results in rup- 85 
ture of the fcil diaphragm 522 and the pro- 
pagation of the particles 523 against the work- 
piece 510. The discharge can also be initiated 
by a compresced-air source 532 designed to 
blow a high-velocity stream of air-entrained 90 
particles into the chamber 524 to effect the 
breakdown between the electrode 525 and the 
foil 522 without advance cf the needle elec- 
trode 

The energizing circuit 533 includes a dis- 95 
charge capacitor 534 connected between the 
electrode 525 and the housing portion 512a 
which makes electrical contact with the foil 
522. The capacitor 534 is charged through a 
resistor 535 via a battery 536 and may be loo 
discharged across the gap via a switch 537. 
The latter may represent any electronic break- 
down device (eg. thyratron cr solid state 
controlled rectifier) or other switching means 
capable of sustaining the capacitor potential 105 
and current surge When the hydraulic motor 
527 is inactivated and air is not blown into 
the chamber 524 to initiate discharge, the 
spark may be produced on closure of this 
switch 537. no 

According to an important feature of this in- 
vention, the separable barrel 512 has its lower 
portion 512b integrally formed or affixed to 
the housing 514 while the upper portion 512a 
is shiftable in the direction of arrow 538 115 
alternately toward and away from the lower 
barrel portion 512b. In its lower position, the 
upper barrel portion 512a clamps the foil 
522 against the bottom barrel portion so that 
the upper chamber 524 is hermetically sealed 120 
and substantially all of the Shockwave energy 
in this chamber is transmitted axially to the 
frangible diaphragm 522. The latter consists 
of a generally fiat upper layer 522a and a 
pocketed lower layer 522b in which longi- 125 
tudinally spaced pouches or pockets 522c 
are formed. When the pockets 522c are 
filled with a pulverulent material 523 to be 
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deposited, the foils are brought together and 
may be thermally fused (e.g. by welding) or 
may have their kmgitudirial edges rolled to- 
gether to fully retain the respective doss of the 

5 particulate material. In this embodiment, the 
uoper layer 522a is shown to be concave to- 
ward the discharge needle 525 and convex 
toward the workpiece 510, although of a 
radius of curvature substantially greater than 

10 that of the pocket 522c The convexity de- 
scribed above appears to promote sufficient 
transfer of shockwave energy to the pirGo^ate 
material within the pouch. The foil 52i is 
carried upon a supply roll 53 and can be 

15 interrnirtently advanced into the barrel 
when the upper barrel 512a is raised by a 
sprocket 54G whose motor 541 is operated for 
Determined intervals by a timer 542. Thus, 
when the upper barrel portion 512a ts raised, 

20 the motor 541 and sprocket ^ 540 advance si 
predetermined length of the fofl 522 into the 
barrel and shift any remnant of the ruptured 
pocket of the foil out of the system. On the 
discharge side of the system, the upper -barrel 

25 portion 512a is provided with a blade 543 
which severs the damaged portion of the foil 
from that remaining. The vertical movement 
of the upper barrel portion 512a is removed, 
and a workpiece 510 mounted upon the 

30 carriage 517 and positioned m axial align- 
ment with the fixed lower barrel portion 512b 
". ^ the spindles 518 and 519. An initial length 
of foil 522, from the supply roll 539, is placed 
on the lower barrel portion 512b with its con- 

35 vex pocket side turned downward. The upper 
barrel portion 512a is thereupon replaced and 
the source 533 is reconnected. Timer 542 
can thns close switch 537, while the upper 
barrel portion 512a is damped tightly against 

/0 the foil 522 and produces a spark discharge 

* between the needle 525 and the upper foil 
layer 522a. The resulting impulsive wave 
ruptures, in short order, the upper and lower 
layers 522a and 522c, while propelling the par- 

45 ticulate material 523 at high velocity and high 
kinetic energy against the surface of the body 
510 to be coated. Thereafter, timer 542 de- 
energizes the electrode 525 and activates the 
valve 546 to raise the upper barrel portion 

50 527 and cause the sprocket 540 to advance 
the foil by a corresponding length to receive 
a successive tilled pocket of the foil. It will be 
understood that, instead of , or in addition to, 
the switch 537, the motor 527 or the valve 

55 529 for the air jet may be activated to inmate 
the breakdown. 

In the system of FIG. 15, the barrel 612, 
trained upon the substrate 610 with a clearance 
650 to prevent excess static-pressure buildup 

60 in the barrel, is provided with feed means 
including a supply roll 639 for a foil 622 of 
a conductive or non-conductive material. 
Pockets 623 are formed in the foil as de- 
scribed with resnect to FIG. 14 with longi- 

65 tudinal equispaclng. The discharge chamber 



624 is formed, at least in part, by a barrel 
portion 612a which can be advanced by a 
hydraulic motor or an electric motor as rep- 
resented at 627. Here, the pockets 623 can 
rest upon a basket-shaped ODunterdectrode 70 
651 just behind the foil 622 and contacting 

^Whe^a current source 633 of the type- 
shown in FIG. 12, for example, is connected 
across the needle electrode 625, which is 75 
shiftable in its sleeve 626, closure of switch 
637 will apply a current surge across the gap 
and effect spark discharge between the needle 
electrode 626 and die basket electrode 651. 
Switch 637 also is controlled by a timer 642 80 
which operated a valve 646 of a hydraulic 
cylinder 644. The piston of this cylinder is 
connected to the upper barrel portion 612a so 
that this member can be raised and lowered 
to release and clamp the foil sections 622. 85 
Motor 627 is likewise operated at a cadence 
determined by the timer 641 In this system, 
a sprocket 640 and drive 641, likewise con- 
trolled by timer 642, advance the foil bU, 
while a takeup roll 621' collects the ruptured 90 
portions of the foil for salvage, tf desired. 
The foils preferably are of a thickness no 
greater than 0.01 and 0.02 mm. 

Example V 

Using an apparatus of the type illustrated 95 
in FIG 15, a pocketed foil 622 was formed 
from a pair of foil layers having a thickness 
of about 0.005 mm, with the pocket sufficient 
to enclose 5 grams of a particle mixture per 
pocket (sec FIG. 16). The mixture was made 100 
of equal proportions, by weight, of 300 mesh 
tungsten carbide and 600 mesh synthetic 
diamond. The gun 612 was held stationary, 
while a carbon-steel band 610 was moved 
above the barrel, the workpiece being com- 105 
posed of carbon steel (0.55% by weight 
carbon) of the designation S55C The surface 
to be coated was located at a distance of 12 
mm from the foil Discharge energies of 
about 8000 joules per pocket were applied and no 
the foil advanced at an intermittent rate 
identical to the intermittent rate of advance 
of the workpiece. The coated surface was 
found to consist of approximately 80% by 
weight of all of the particles employed and to U5 
be a highly layer. Corresponding results were 
obtained when the particles were composed 01 
silicon carbide, duminum nitrate, boron 
nitrate and titanium carbide, When the work- 
piece was an aluminum foil, it was found that 120 
titanium and tantalum particles could be 
readily applied to the surface of this foil with 
the same discharge energy and device. There 
was no need for any binder in the particle 
mass and the coating was found to be more 125 
uniform and of greater strength than that pro- 
duced when the particles were merely placed 
upon the foil and not encapsulated therein. 
A somewhat greater penetration of the par- 
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tides was observed when stoichiometrically 
equivalent quantities of chromic oxicb 
(oxidant) particles and cellulose particles (re- 
ducing agent) were incorporated in the mass 

5 within each pocket in an amount up to 10% 
by weight. It appears that the exothermic 
chemical reaction between the chromic oxide 
and the cellulose generated sufficient heat to 
increase the surface energy of die particles 

10 and the degree to which they are bonded to 
the substrate. 

FIG. 16 shows a modified system for the 
high-rate coating of a substrate 710. In this 
system, the barrel or rube 712 is generally 
15 cylindrical and is formed with a seat 712' at 
its upper end at which a frustoconical inner 
bore 712" terminates. The barrel 712 is pro- 
vided with an exhaust muffler 716 of the type 
illustrated and described with respect to FIG. 
20 14 and advantageously consisting of a tube 
716' filled with a packing 716" of stainless 
steel wool or other sound-dampening materia L 
An upper member 724 forms a shock-wave 
generator and is provided with a needle elec- 
25 trode 725 in an electrically insulated ceramic 
sleeve 726. The needle electrode 725 is 
threaded at its upper extremity 725' and en- 
gages a nut 725" whose toothed periphery 
meshes with a pinion 727' of an electric motor 
30 727. The housing 724 and motor 727 are 
connected together and are shifted in the 
direction of arrow 738 by a hydraulic cylinder 
744. The latter is operated by a valve 736 and 
receives hydraulic fluid from a pump 730 and 
35 a reservoir 731. A timer 742 is provided to 
operate the valve 746 and lift the barrel 724 
from the seat 712' against which it clamps 
the foil 722. Timer 742 also is coupled with 
the sprocket 740, representing the means for 
40 advancing the foil 722 intermittently to dis- 
pose the pockets 722c in the barreL The foU 
722 may be paid off a supply roll or can be 
formed concurrently by an encapsulating 
device 760. This apparatus can, of course, be 
45 employed independently of a coating apparatus 
to prepare the foil for coiling and subsequent 
use. The system basically comprises a pair of 
supply rolls 761a and 761b from which nickel, 
aluminum or other metal foil having a thick- 
50 ness ranging between substantially 0.005 and 
0.02 mm and a width slightly in excess of 
that of the seat 12' of the apparatus in 
which the pocketing band is to be used, the 
foil layers passing between forming rolls 762a, 
55 762a' and 762b, 762b', respectively, in which 
pockets 763a and 763b are respectively formed 
in the foils 722a and 722b to register and 
open toward one another. When the apparatus 
760 is to be employed for the production of 
60 pocketed coils of the type illustrated in FIGS. 
14 and 5, only a single set of forming rollers 
is necessary and the rollers 762b and 762b' 
may be dispensed with. 

A feed means 764 with any conventional 



metering device deposits the particulate 65 
material in the pockets thus formed as the 
foils are brought together and encapsulates 
the masses via a pair of sealing rollers 765. 
The sealing rollers 765 may be heated to weld 
the foils together about the pocket or may 70 
merely apply sufficient pressure to laminate 
them together. It is also possible to use a 
crimping arrangement at these rollers to fold 
the edge portions of one foil around the other 
and thereby encapsulate the particulate 75 
material. The metering device 764 and the 
rollers 762a are operated in the cadence of the 
foil-advancing means 740 and the barrel 724 
by the timer 742. Otherwise, the apparatus 
operates in the manner previously described go 
with reference to FIG. 14. 

FIGS. 17 through 21 illustrate various 
modifications and arrangements of the spark- 
activated coating gun of the present invention. 
In FIG. 17, for example, three guns of the 85 
general type illustrated in FIGS. 14 through 
16, supplied with foil-encapsulated pockets 
of particulate material from respective supply 
rolls and energized in succession, are mounted 
upon a carriage 870 which may be shifted 90 
by a spindle 871 parallel to the workpiece sur- 
face 872 in the direction of arrow 873. All 
of these deposition guns or tubes 874 have 
similar spark chambers and, when the sur- 
face 872 is flat, have their mouths lying 95 
along a plane P parallel to the receiving sur- 
face of the substrate. The means for energiz- 
ing the coating gun 874 can include a circuit 
such as that illustrated at 875. This circuit, 
whose terminale 876 are supplied with direct 100 
currents, include a respective capacitors 877a, 
877b and 877c energized respectively via 
chokes 878a, 878b and 878c— and changing 
resistors 879a, 879b and 879c The parameter! - 
of this network can be such that the left-hand 105 
tube 874 (FIG. 17) is energized an instant 
prior to the energization of the intermediate 
tube which, in turn, is energized shortly in 
advance of the right-hand tube 874 as the 
workpiece 872 is shifted to the left. In this no 
manner, it is possible to move the workpiece 
with considerable rapidity and apply a rela- 
tively thick coating in short order. FIGS. 18 
and 19 show several modifications of the 
orientation of tubes 874. In the system of 115 
FIG. 18, the tubes 874' are aligned in a 
common vertical plane and thus may extend 
over the full width of a body such as that 
^^grammatically illustrated at 872'. In the 
system of FIG. 19, the shock-tubes 874" 120 
are arranged at the vertices of a triangle and 
may serve to coat a narrower workpiece 872". 
When, however, the workpiece 882 has a 
relatively complicated contoured surface 882a 
to be coated with the paniculate material, it 125 
is most desirable to employ a number of 
spark-operated deposition guns 884, 884a, 
884b and 884c energized by a circuit such as 
that shown in FIG. 17, and disposed so that 
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the mouths of these guns lie along an 
imaginary surface S which is genera^ P^ 1 
and complemeotarv to the s^ace (FIG. 
201). In the modification of FIG. 21, *ccon- 
5 toured surface 892a of the workpiece o92 has 
a positive curvature for the most part, l* » 
convex, the deposition guns 894 bang dis- 
posed along axes perpendicular * 
to the surface and thus are perpendicular to 
10 these surfaces as well. The guns are spaced as 
closely together as possible with the illus- 
trated spacing being somewhat exaggerated. 
Eve? the mouths of the guns, are at 
identical distances from the ajr^tmg sur- 
15 face portions so that they lie gf**^*^ 
an imaginary complementary surface S . When 
more than three guns are employed, th. 
energization circuit can include a delay Ime 
for firing the guns in any desired sequence 
20 or rate at each cycle. Furmermore, while * 
timer means has been described in connec- 
tion with FIGS. 14 through 16 and is of 
course employed in the circuit of each of the 
guns of FIGS. 17 through 21, it will beunder- 
25 stood that such timer means can be triggered 
by a previous discharge in the shock-wave 
chamber with a predetermined delay trme con- 
trolled by the charging of the condensers to 
their respective capacities. . t 

30 According to another aspect of this inven- 
tion, the impact deposition barrel is provided 
with cooling means to promote the transfer 
of powdered materials to the substrateand 
rninirnize particle adhesion to the barrel. Thus, 
35 ?n FIG. 24> there is plotted the temperature 
of the barrel along the abscissa in degrees 
centigrade while the percent particle adhesion 
to the internal surface of the barrel is plotted 
along the ordinate. From this rehtionsnrp it 
40 will be apparent that particle adhesion re- 
mains relatively low at temperatures up to 
about 6G°C but lies sharply between 70 and 
S0 a C , prior to levelling off at relatively high 
values at still more elevated tenrperatures. 
45 Since particle adhesion to the mternal sur- 
face of the barrel is inversely proportional to 
the number of particles delivered to the sur- 
face to be treated and to the period of time 
for which the device can be used effectively 
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without ckaning, it will be evident that 
operation of the system at lower temperatures 
produces considerable advantages and pro- 
motes efficient operation especially when re- 
peated discharges are to be produced. Thus it 
« is advantageous to provide cooling means 
along the barrel for promoting the dissipa- 
tion of heat therefrom. While this cooling 
means can include a heat sink in contact with 
the metallic barrel, i.e. of relauveiy large 
60 heat capacity and high thermal conductivity, 
or a raptor surface making use of convection 
currents to effect fluid-solid heat tx^er it 
is preferable to provide a forced fluid transfer 
of heat since the amount of heat energy 
65 generated by the high-energy-rate deposmon 



apparatus requires relatively high heat trans- 
fer efficiency and capability. t _ , . 

FIG. 22 shows a system in which the barrel 
1004 of a deposition device of the type illus- 
trated in FIGS. 15-21, is provided with 
radial fins 1004a around which a fan 1004b 
displaces a forced stream of air. Any air dis- 
placement means can be used for this purpose 
although the fan 1004b is here shown to 
have a propeller-type blade 1004c It is ad- 
vantageous to confine the cooling fluid in a 
duct 1004d which encloses the finned region 
of the barrel 1004 and prevents the high- 
velocity cooling-air stream from lncon- 
vemencing the particle deposition system of 
this barrel or any adjoining barrels (see FIGS. 

17—21). , 

A modified arrangement with the same 
purpose is illustrated in FIG. 23 in which 
the barrel 1114 of a thermally conductive 
material is in contact with a cooling coil 1114a 
whose inlet and outlet 1114b and 1114c, 
respectively, are connected in a flmd-orcula- 
tion system of any convenient type. The foil 
1122, into which the particles are pocketed, 
may be passed through the system via the dis- 
placement means 1139% while the central 
electrode 1125 effectuates discharge between 
the foil and itself. The pulse-supplying source 
1133 includes a pair of roller contacts 1133 
engaging the foil 1122 downstream of the 
supply coil 1139. The source comprises a 
battery 1136 which charges the capacitor 
through a resistor 1135 while the switch 
1137, upon closure, applies the impulsive dis- 
charge to the electrode. The cooling means 
of FIGS. 22 and 23 are dimensioned to main- 
tain the barrel temperature below 80°C and 
preferably below 60° C. . . 

FIG. 25 shows a system wherein the par- 
ticulate material is prepared from at least one 
continuous fusible element with the aid of 
arc discharge or plasma and then is subjected 
to propulsion by the shock wave of a spark 
impulse generator. This system is particularly 
satisfactory because it permits high repetition 
rates to be attained. The barrel 1600 of 
FIG 25 opens in the direction of the particle- 
receiving surface 1602 of the workpiece 1603 
and embodies a pair of arc-discharge elec- 
trodes 1615 which are connected in series with 
a choke 1615a and an a.c. source 1615b to 
sustain a continuous arc discharge between 
these electrodes. The electrodes may consist 
of vaporizable wire and may be elecmcaUy 
decomposed so that vapors of the fusible 
material of the electrode wire, upon conden- 
sation, form a particle mass 1605. The par - 
tides are driven against the surface 160Z by 
a "oaric discharge from a needle electrode 
1612, which may be advanced by a motor 
1612a energized by a pulse source 606 whose 
battery 1608 is connected in circuit with a 
charging resistor 1610 and a discharging 
capacitor 1607. A switch 1609 is, triggerable 
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as described earlier to operate the impulse 
generator. 

Example VI 
Using the apparatus so far described in 
5 connection with FIG. 25, one of the arc 
electrodes 1615 was composed of a sintered 
material (85% by weight tungsten carbide, 
5% by weight iron and 10% by weight nickel) 
while the other arc electrode 1615 was pure 

10 nickel. Each electrode has a diameter of 
5 mm and a length of 150 mm. A d.c. arc dis- 
charge at 25 volts and 40 amperes was passed 
across these electrodes to effect fusion of 
them. Using the system 1606, 1612 of FIG. 

15 25, a spark discharge was triggered at a 
location 40 mm behind the gap between the 
electrode 1615, the spark discharge having 
6000 joules energy and a pulse width of 110 
microseconds. The workpiece 1603 was a 

20 sheet of S55C carbon steel and was located 
30 mm away from the mouth of the barrel 
1600. It was found that the discharge was 
sufficient to disrupt the fused portion of the 
electrode wires 1615 and propel particles 

25 thereof in the direction of the workpiece 1603, 
the single discharge forming a firm coating 
with a thickness of about 40 microns upon 
the workpiece. The surface, after receiving 
the coating, had a hardness of 1200— 1500H V . 

30 Example VII 

Following the method described in Example 
VI, intermittent spark discharges are used 
with a pulse width of 2.1 microseconds, three 
such sparks being produced with each spark 

35 having an energy of about 2000 joules. In- 
stead of continuous spark discharge between 
the electrodes 1615, an intermittent discharge 
was provided in synchronization with the 
sparks". The resulting layer upon the workpiece 

40 1603 had a thickness of 100 microns and the 
hardness specified in Example I. In both 
cases, the wear resistance of the surface was 
increased from 8 to 10 times. 
It will also be understood that the same 

45 principle applies if a fusible wire is provided 
aside from the arc electrodes 1615. Thus, the 
wire 1615c may be continuously fed from 
a supply reel 1615d between the erosion elec- 
trodes 1615 which are of a refractory metal 

50 and do not materially erode during the dis- 
charge. Wire 1615c, however, is readily fused 
at the temperature of the arc between the 
electrodes 1615. Moreover, the electrodes 
1615c is employed in conjunction with a 

55 plasma torch 1615c whose high temperature 
jet suffices to erode the wire 1615 to form the 
particles 1605. 

FIG. 26 shows still another system in 
accordance with the present invention, this 

60 system comprising a barrel 1700 directed to- 
ward the workpiece 1703 and composed of 
an electrically and thermally insulating 
material in which an annular electrode 1724 



is embedded. Electrode 1724 co-operates with 
an adjustable electrode 1712 as previously 65 
described to produce a discharge behind a 
powder cloud 17C5 formed by air injection of 
powder through the nozzle 1715. A rnixing 
chamber 1715a is represented in diagram- 
matic form while the control trigger or timer 70 
1717 is shown at 716 to regulate both the 
switch 1709 and the proportioning of powder 
and air. The discharge source 1706 here in- 
cludes a battery 1703, a resistor 1710 and a 
discharge capacitor 1707. 75 

Example VIII 
Using the apparatus of FIG. 26, tests were 
made with various particulate materials to 
ascertain the relationship of deposition 
quantity firmly bonded to the S55C carbon 80 
steel workpiece. FIGS. 26A— 26D, in which 
the ordinate shows the quantity of material 
deposited (in milligrams) and the abscissa, 
plotted in logarithmic scale, represents the 
repetition rate in cycles per second. FIG. 26A 85 
shows a reposition of tungsten carbide 
powder after ten discharges, each with 0.1 g 
of powder and 300 joules spark energy. The 
graph shows a sharp rise in the deposition 
quantity in the range of 0.5 to 1 cycle/second. 90 
FIG. 26B similarly makes use of aluminum 
oxide powder with energy of 5000 joules-per- 
discharge, the same marked increase in de- 
position quantity being revealed. In FIG. 
26C the results obtained with Stellite powder 95 
at 1800 joules energy are shown while the 
conditions with tungsten powder at 3000 
joules discharge energy are shown in FIG. 
26D. While, with tungsten powder, the rate 
of increase of the deposition quantity with 100 
increasing repetition rate is less than that 
obtained with the other powders described, 
a substantial increase nevertheless is seen to 
take place at the critical region of 0.5 — 1 
cycle/second. " 105 

FIGS. 27 and 27A illustrates a system for 
the repeated powder deposition upon a sur- 
face 1802 of a workpiece 1803. In this case, 
the barrel 1800 of the gun is provided with 
an opening 1800a through which a rotary 110 
disk 1820, composed of metal foil and carry- 
ing individual doses 1805 of particles of 
different color, is rotated on a table 1820a 
by a motor 1820b. The foil 1820 is electrically 
conductive and forms a counterelectrode for 115 
the main discharge electrode 1812 which can 
be advanced and retractedf by a motor 1812a 
to trigger the spark discharge. The discharge 
source is a capacitor 18G7 charged through 
a battery 1808 and a choke 1810. In this 120 
system, the foil at each of the particle masses 
1805 is disrupted by the discharge and the 
particles propelled against die workpieces 
1803. In addition, however, a stencil 1820c 
is rotated synchronously with the magayine 125 
1820 so that each color forms its own pattern 
on the surface 1802. 
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In the embodiment shown in FIG. 28, the 
barrel 1900 faces the workplece 1S03 and is 
composed of a thermally insula one and ekc- 
trica¥y nonconductive material. The powder 
Ishere introduced in a plasma da* «g 
ahead of the discharge electrode 1912 which 
^axially shiftsble in the barrel 1900 and may 
receive electrical impulses from a capacitor 
1907 charged in the manner previously Oe- 
3 sc^d, me spark disch^bcinimg^ 
by a switch 1909 operated by a timer (TI0r. 
10). The capacitor 1907 may be charged by 
a dx. source in the usual manner.(FIG 10). 
In this case, the powder<oataining plasma 
15 doud 1905 is injected mto the barrel 1WJ 
15 S. plasma gun 1915a. Such gum are 
commonly employed as plasma torches (TJG 
25) and have an annular electrode B W 
Sxklwith a central electrode 1915g which 
20 dS a chamber 1915h with the outer 
electrode. The nozzle 1915i is cooled by water 
circulating through the passage 1915,. A lugh- 
temperature arc is sustained m the chamber 
1915h and an inert gas may be mtroduccd 
„ with or without powder at 1915k to dm 
25 chamber for conversion into the plasma. Tbe 
term "plasma" is used herein in the sense 
c^iderWconventional in the ptema-torch 
^ Prefers to a torch in whicfi the em«g- 

££8? or P ^4%^der ^ 
introduced into the gas dose to the 
Sa£ 1915i via a duct 1915m. It will be 

triegering the device (switch 1909 being per- 
manently closed or eliminated). 

WHAT WE CLAIM IS: — 
1 A method of forming a coherent body 
45 comprising, forming a mass of a P°^H£ 
45 material, and compacting said mass by bodily 
subjecting the mass to the energy of an e<- 
feSS generated shockwave ~tted vm 
afltdd medium thereto and produced by spark 
„ Siree in the fluid medium, the energy or 
50 £?Swave being sufficient to cause die 
Partides of the powdered material to bond 

l ° 2 Ct The method according to Claim ! where- 
e< in the oartides are retained m a die, and a 
55 pis^Efc member is ; disposed between the 
sLk discharge and the parades to act as a 
fo^e-transmitting member compacting die 
pSes when tie Shockwave acts upon the 

in the mass of parades is disposed between 
Se spark discharge and a substrate and » 
subjected directly to the shockwavc to propd 



the particles against the substrate with a high- 65 
energy-rate force suffident to cause the par- 
ticlefto bond together and to the substrate 
and to shape the resulting body either by de- 
forming the substrate as the parodes are 
bonded thereto or by simply bondmg the par- 70 
tides thereto. . , 

4 The method according to claim 3 wnere- 
in the mass of particles is supported upon a 
rupturable diaphragm between the spark dis- 
charge and the substrate. 

5 The method according to Claim 4 where- 
in the diaphragm is dectrically conductive 
and the spark discharge is generated between 
an dectrode and said diaphragmby applying 

an dectric pulse across the electrode and the 80 

<3i ^ h T^ 1 method according to claim 3, 4 
or 5 wherein the spark discharge is generated 
at least in part through die mass of powder. 

7 The method according to claim 3 wherein » 
the mass of powder is a dond of powder sus- 
pended in a gas between the spark discharge 
and die substrate. . 

8. The method according to claim 7 wherein 
the partide cloud is formed by thermal 90 
erosionof a fusible body along the path of the 
Shockwave between the spark discharge and 
the substrate. _ 

9 The method according to dam 7 or 8 
wherein the doud of particles is formed by 95 
directing a plasma jet against the thermally 
fusible body. t . - e 

10 The method according to claim 7 or 8 
wherein the fusible body is thermaUy eroded 

bv an electric arc . 100 

11 The method according to claim 7 where- 
in the particle cloud is formed by injeenng a 
powder^ntaining plasma mto the path ot the 

Sh l^The method according to claim 3 where- 105 
in the impulsive spark discharge n triggered 
r^odicaUV at a rate of at least 0.5 cycle per 

scc 1 °^ d * The mem0f i according to claim 12 
wherein powder masses are introduced into the no 
path of the Shockwave in the cadence of 
trieeering the spark discharge. 

14 The method according to claim 3 where- 
in the powder is preheated mdependently of 

the spark discharge to ferilitate the adhesion 115 
of the powder to said substrate. 

15 The method according to claim 3, 1Z 
or 14 wherein the powder is heated inde- 
pendendy of the spark discharge and prior to 

the impingement of the powder against the 120 
substrate by mixing with the mass of powder, 
prior to the spark discharge, at least one 
chemical compound capable of exothermic re- 
action with the mass initiated at least in part 
by the discharge. . 125 

16 The method according to claim 1, I 
or 3 wherein the energy of the spark discharge 
is reflected toward the powder mass. 

17. The method according to claim 3, 4 or 
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12 wherein the space between the powdered 
mass and the substrate is evacuated prior to 
triggering of the spark discharge. 

18. the method according to claim 3, 12 or 
5 14 vvherein the particle maso is admixed with 

a binder and forms an explodable sheath 
surrounding the spark-discharge gap prior to 
the generation of the spark discharge. 

19. The method according to claim 3, 12 
10 or 14 wherein the spark discharge is formed by 

initially bridging a pair of electrodes by an 
electrically destructible conductor and then 
explosively destroying the conductor by in- 
cipient passage therethrough of an electrical 
15 pulse to form an electrode gap thereafter sus- 
taining the spark discharge during the re- 
mainder of the pulse. 

20. The method according to claim 3 where- 
in successive masses of powdered material 

20 are positioned between a spark generator and 
the substrate to propel the powdered material 
of these masses successively against the sub- 
strate. 

21. The method according to claim 20 
25 wherein the masses are disposed along a turn- 
table composed of a frangible material and 
arc rotated into alignment with the spark 
generator. 

22. The method according to claim 20 
30 wherein the masses of powdered material are 

encapsulated between metal foils to form a 
band having spaced-apart pockets containing 
the respective masses the band constituting an 
electrode, forming part of the spark generator. 
35 23. The method according to claim 22 
wherein the foil is composed of aluminum, 
nickel, cobalt, copper, iron or alloys thereof. 

24. The method according to claim 3, 12 
or 14 wherein the mass of powder is ren- 

40 dered limitedly coherent by compaction, light 
sintering or mixture with an adhesive prior 
to the generation of spark discharge. 

25. The method according to claim 3, 12 
or 14 wherein the path of the particles is 

45 formed by a barrel traiued upon the substrate, 
characterized in that barrel is cooled to a 
temperature below about 80°C to facilitate 
deposition of the powder on the substrate. 

26. The method according to claim 3, 12 
50 or 14 wherein the distribution of the particles 

of powder on the surface of the substrate or 
the coloration of the substrate by the particles 
is controlled to imprint or otherwise form 
predetermined patterns on the substrate. 

55 27. An apparatus for carrying out the 
method of claim 1 comprising an impulse 
generator having a pair of electrodes in spaced 
relationship, means for disposing a mass of 
powder in force-receiving relationship with 

60 the generator, and an electric circuit for 
applying an electric pulse to the electrodes to 
generate a spark discharge between the elec- 
trodes of an intensity sufficient to compact 
the powder. 

65 28. An apparatus according to claim 27 



wherein housing means in the form of a barrel 
is provided having the impulse generator at a 
closed end, and an open end trained against 
a substrate to which the powder is to be 
applied. 70 

19. The apparatus according to claim 28 
wherein a frangibh support carrying the 
mass of powder is disposed in the barrel be- 
tween the impulse generator and the surface 
of the substrate adapted to receive a layer of 75 
powder. 

30. The apparatus according to claim 29 
wherein the frangible support is an electrically 
conductive foil and forms one of the elec- 
trodes, so 

31. The apparatus according to claim 30 
wherein the foil constitutes a turntable having 
a plurality of powder masses thereon and 
rota table to align these masses with the 
generator in succession. 85 

32. The apparatus according to claim 30 
wherein the foil is a band formed with a 
plurality of pockets therealong each containing 
a respective mass of powder. 

33. An apparatus according to claim 30, 31 90 
or 32 wherein said foil is composed of 
al uminum , nickel, cobalt, copper, iron or 
alloys thereof. 

34. The apparatus according to claim 28 
wherein means are provided for introducing a 95 
gas-suspended cloud of powder between said 
generator and a substrate' 

35. The apparatus according to claim 34 
wherein the means for introducing the cloud 

of powder includes a fusible body, and means 100 
for thermally eroding the fusible body. 

36. An apparatus according to claim 35 
wherein die means for thermally eroding the 
fusible body includes means for applying an 

arc discharge to the fusible body. 105 

37. An apparatus according to claim 35 
wherein the means for thermally eroding the 
fusible body includes a plasma torch trained 
on said body. 

38. An apparatus according to claim 34 no 
wherein the means for introducing the cloud 

of powder between said generator and the 
substrate includes a plasma torch forming a 
plasma stream entraining the particles. 

39. An apparatus according to claim 28, 115 
claim 29 or claim 34 wherein the generator is 
triggered periodically and a succession of 
masses of powder are introduced between the 
generator and the substrate for the triggering 

of the generator. 120 

40. An apparatus according to claim 27, 
28 or 34 wherein the electrodes are bridged by 
a fusible conductor destructible upon in- 
cipient passage of an electric pulse through 

the electrodes to form a spark-discharge gap. 125 

41. An apparatus according to claim 27, 
28 or 34 wherein means are provided for 
applying an electromagnetic-force field across 
the region of the generator for directing the 
Shockwave produced by the discharge, 130 
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42. The apparatus according to claim 27, 
29 or 34 wherein means are providcdtor 
relatively shirting the electrodes and a surface 
of a substrate in force-receiving relationship 
in a direction parallel to the surface. 

43 The apparatus according to claim Z/, 
29 and 34 wherein the generator forms part 
of a chamber vented to the atmosphere 
through a sound-mriffiing device. . 

44 The apparatus according to claim 2/ 
wherein a die provided to retam the powder 
mass and a piston-like force-trimsiinttmg 
member is interposed between the generator 
and the mass to compact the latter. 

45 An apparatus according to clarm z*, 

or 34, characterized in that means are pro- 
vided for rnaintaining the temperature of the 
barrel below that of 80°C 



46 A method of forming coherent bodies 
substantially as herein described with re- 
ference to the accompanying drawings. 

47. Apparatus for carrying out the method 
of claim 46 substantially as herein described 
with reference to the accompanying drawings. 

For the Applicant, 
RAWORTH MOSS & COOK, 
Chartered Patent Agents, 
38, Sydenham Road, 
Croydon, Surrey. 
and 

75, Victoria Street, 
Westminster, 
London, S.W.I. 
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